Objective: To examine the development of acute kidney injury (AKI) after burn injury as an independent risk factor for increased morbidity and mortality over initial hospitalization and 1-year follow-up. Background: Variability in fluid resuscitation and difficulty recognizing early sepsis are major barriers to preventing AKI after burn injury. Expanding our understanding of the burden AKI has on the clinical course of burn patients would highlight the need for standardized protocols. Methods: We queried the Healthcare Cost and Utilization Project State Inpatient Databases in the states of Florida and New York during the years 2009 to 2013 for patients over age 18 hospitalized with a primary diagnosis of burn injury using ICD-9 codes. We identified and grouped 18,155 patients, including 1476 with burns >20% total body surface area, by presence of AKI. Outcomes were compared in these cohorts via univariate analysis and multivariate logistic regression models. Results: During initial hospitalization, AKI was associated with increased pulmonary failure, mechanical ventilation, pneumonia, myocardial infarction, length of stay, cost, and mortality, and also a lower likelihood of being discharged home. One year after injury, AKI was associated with development of chronic kidney disease, conversion to chronic dialysis, hospital readmission, and long-term mortality. Conclusions: AKI is associated with a profound and severe increase in morbidity and mortality in burn patients during initial hospitalization and up to 1 year after injury. Consensus protocols for initial burn resuscitation and early sepsis recognition and treatment are crucial to avoid the consequences of AKI after burn injury.
A cute kidney injury (AKI) is common, especially in the intensive care unit (ICU). It remains a significant problem after burn injury and is responsible for considerable morbidity and mortality. 1 AKI is associated with an increased risk of chronic kidney disease (CKD), particularly in older patients, and studies have shown that AKI increases the long-term risk of death even without renal replacement therapy (RRT) and after complete recovery of renal function. 2 An appreciation of the etiologies and consequences of AKI can help to minimize its occurrence and progression to CKD. However, prevention of AKI in the care of burn patients is complicated by underlying processes that are unique to the pathophysiology of burn injuries. 3 Development of AKI after burn injury has been broadly classified into 2 categories: early AKI and late AKI. 4 Early AKI occurs less than 5 days after the burn and is commonly associated with inadequate fluid replacement during initial burn resuscitation. 5 Late AKI occurs more than 5 days after the burn, and, while multifactorial in origin, is usually secondary to sepsis. 6 Despite our growing knowledge of the causes of AKI in burn patients, there remains a need for improvements in burn resuscitation and early identification and treatment of sepsis.
Fluid resuscitation has long been recognized as the cornerstone of initial care for burn injury. 7 Appropriate fluid resuscitation is necessary to avoid hypovolemic shock, early AKI, and multiple organ dysfunction (MODS). 8 Although there have been many formulas and approaches to resuscitation, the Parkland formula 9 remains the most commonly used. Over time, patients have been receiving progressively more fluid than that predicted by the Parkland formula. 10, 11 This phenomenon is known as ''fluid creep,'' 12 and although there are many potential reasons for this (narcotics, sedation, greater use of intubation and mechanical ventilation, a departure from colloids, and provider inattention), there are ongoing efforts to cut back on the volume of resuscitation and avoid the complications associated with excessive resuscitation. 13 Acute kidney injury can occur later in the hospitalization, with sepsis being the leading cause of late AKI after burn injury. 6 Early treatment of sepsis is critical and has been shown to improve outcomes and decrease mortality. 14 The Surviving Sepsis Campaign Guidelines 15 and recent Third International Consensus Definitions for Sepsis and Septic Shock 16 have done a great deal to guide early sepsis recognition and treatment. However, the persistent systemic inflammatory response characteristic of significant burn injury has handicapped efforts at defining and identifying sepsis after burn injury, and the 2007 guidelines 17 are in need of updating. Variability in fluid resuscitation and difficulty recognizing early sepsis are major barriers to preventing AKI after burn injury. Expanding our understanding of the burden AKI has on the clinical course of burn patients would highlight the need for standardized protocols. Whereas AKI has been strongly associated with increased morbidity and mortality in certain patient populations, 1 the literature on AKI in burn patients is comparatively incomplete. Studies of AKI after burn injury have addressed etiology 3 and incidence, 18 and have also demonstrated a strong association with mortality, 19, 20 though study populations have generally been small and there remains a need to investigate long-term outcomes. 21 In view of the paucity of epidemiological data concerning long-term prognosis and renal From the outcomes for burn patients with AKI, we sought to clearly define the impact that development of AKI has on burn outcomes using statewide databases to analyze a much larger population of burn patients than has been reported in the past. Specifically, we aimed to examine whether AKI after burn injury is an independent factor in the development of early and late complications during initial hospitalization and up to 1 year after injury.
METHODS

Overview of Study Design
This retrospective cohort study was designed to examine differences in clinical outcomes associated with the development of AKI among all patients hospitalized with a burn injury in 2 states over a 4-year period. Databases provided by the Agency for Healthcare Research and Quality (AHRQ) were utilized to provide information about each burn patient's initial hospital stay and any stays 1 year thereafter. Our Institutional Review Board has deemed our study, which relies on de-identified and publicly available data, exempt from review.
Data Sources
The Healthcare Cost and Utilization Program (HCUP) State Inpatient Databases (SIDs) are administrative, all-payer databases that provide de-identified and protected data on over 100 clinical and nonclinical variables 22 in the 47 participating states. The HCUP SIDs were sponsored by the AHRQ to help inform health-related decisions. Additionally, HCUP provides cost-to-charge ratio (CCR) files that provide a yearly ratio between the average real cost and the total charge to insurance for each individual hospital. These files are used to estimate actual cost of hospital visits in the SIDs. For this study, we utilized the Florida and New York SIDs for the years 2009 to 2013.
Study Population
Patients who were admitted to the hospital with a burn injury as their primary diagnosis in the states of Florida and New York between the years 2009 and 2013 were included in the study. This analysis was restricted to the states of Florida and New York due to the availability of HCUP Supplemental Variables for Revisit Analysis, allowing for measurement of 1-year outcomes. 23 In addition, Florida and New York provided a useful population for the study of population-level outcomes as a result of their diverse populations and health systems. 24 Patients were identified using International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) codes (see Supplemental Table 1 , http:// links.lww.com/SLA/B90). Patients were excluded if they were under the age of 18 because the use of HCUP revisit analyses has not been validated in that population, preventing the measurement of 1-year outcomes in that group.
Definition of Variables
Relevant variables in the SIDs included patient age, sex, and presence of Elixhauser comorbidities (see ''Statistical Analysis'' subsection). Burns were characterized by both severity (presence of second or third-degree burns) and total body surface area (TBSA). Presence of AKI at the time of initial burn treatment was identified based on presence of relevant ICD-9-CM diagnosis codes (see Supplemental Table 1 , http://links.lww.com/SLA/B90) at the time of the initial hospital stay.
Outcomes
Clinical outcomes included complications during the initial treatment of the burn injury and complications that arose within 1 year after injury. For the initial hospitalization, we also examined hospital length of stay (LOS), estimated cost of care, and discharge disposition.
The complications at the time of initial burn that we probed for included pulmonary failure, need for mechanical ventilation, pneumonia, wound infection, myocardial infarction, Deep venous thrombosis, and death. These complications must not have been present at the time of admission, thus ensuring only patients who developed these complications as part of their burn recovery were included in the relevant analyses. LOS and discharge disposition for the initial burn injury were pulled directly from the SIDs. Estimated cost of care was calculated with the aid of the CCR files, as per previously validated methodology stated above.
The complications we monitored for development up to 1 year after initial burn admission included development of severe CKD (defined as stage 3-5 CKD), conversion to chronic dialysis, pneumonia, hospital readmission, postdischarge mortality, and total 1-year mortality. A 30-day rate for readmission was calculated to better compare results with similar studies. Patients with CKD or preexisting dialysis status at the time of initial burn injury were excluded from being grouped with those who developed CKD or converted to chronic dialysis within the follow-up window.
All complications were identified via ICD-9-CM diagnostic and procedure codes as outlined in Supplemental Table 1 (http:// links.lww.com/SLA/B90). The specific ICD-9 codes we used were chosen based on their prior validated uses in other studies after the same complications in the HCUP databases.
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Statistical Analysis
We compared clinical outcomes in the population of hospitalized burn patients using development of AKI as the primary independent variable for univariate analysis. Pearson chi-square test was used to evaluate categorical variables (presence or absence of subsequent complications), and the Student t test was used to evaluate continuous variables (LOS and estimated cost). Categorical data were reported using proportions, and continuous data were reported using arithmetic means with standard deviation.
To further assess the degree to which AKI was associated with our many clinical outcomes, multivariate analysis was performed to control for the influence of patient characteristics and comorbidities through the use of the Elixhauser approach. The Elixhauser approach makes use of a collection of patient comorbidities designated via ICD-9 codes that have been found to independently affect clinical outcomes and have been shown to be a valid way to control for their influence on an examined outcome in database studies. 27 We further controlled for patient age, sex, burn size, and burn severity in our modeling. Logistic regression data were reported using odds ratios (ORs) with 95% confidence intervals (CIs). To perform the analysis on costs and LOS, patients were grouped into quartiles based on the value of the variable. Presence in the highest quartile was the measured outcome.
For all statistical analyses, a P value <0.05 was set as the measure for statistical significance. All statistical analyses were conducted using STATA version 13 (StataCorp LP, College Station, TX).
RESULTS
Patient Characteristics
The study population included 18,155 unique burn patients with a mean age of 47.3, who were hospitalized in New York and Florida between 2009 and 2013 (Table 1) . Of these, 14,546 had burns less than 10% TBSA (80.12%) and 1476 (8.13%) had burns covering at least 20% TBSA (Table 2) . AKI was observed in 4.64% of all hospitalized burn patients and 20.73% of those with burns >20% TBSA. Age, burn size, and number of comorbidities were significantly greater in patients with AKI in both groups.
Outcomes During Hospitalization
Univariate analysis of the incidence of 10 different outcomes during initial burn treatment (Table 3) showed a significantly higher rate of all negative outcomes if a patient developed AKI. Pulmonary failure, mechanical ventilation, pneumonia, Myocardial infarction (MI), and mortality were all found to have a 10 to 20Â greater incidence with AKI development in all burn patients, and a 2 to 3Â greater incidence in patients with >20% TBSA burns. Rate of discharge home, LOS, and total costs likewise showed vast significant differences associated with AKI in both populations.
Multivariate analysis of the association between AKI and these outcomes (Table 4) showed that AKI was associated with significantly increased odds of all but 2 negative outcomes, and also lower odds of discharge to home.
Outcomes After Hospitalization
Univariate analysis of the incidence of development of severe CKD, conversion to chronic dialysis, pneumonia, hospital readmission, and mortality (both total and postdischarge mortality) up to 1 year after the initial burn injury (Table 5) showed a significant increase in the rate of all negative outcomes if a patient developed AKI. Patients with >20% TBSA burns experienced a significant increase in hospital readmission and mortality; however, given the limitations in reporting based on sample size, we were unable to report on progression to CKD, need for hemodialysis, and postdischarge mortality in this group.
Multivariate analysis of the association of AKI on the same clinical outcomes up to 1 year after initial burn hospitalization (Table 6) showed AKI was independently associated with increased odds of development of severe CKD, conversion to chronic dialysis, hospital readmission, and total 1-year mortality.
DISCUSSION
In this study-one of the largest population based studies examining AKI after burn injury-we found that AKI was associated with a significant increase in morbidity and mortality during initial hospitalization, and also a significant increase in development of severe CKD, conversion to chronic dialysis, hospital readmission, and mortality 1 year after burn injury.
Mortality
Acute kidney injury was associated with profound increases in mortality during initial hospitalization and up to 1 year after burn injury in all burn patients, and also patients with >20% TBSA burns. Mortality is the most frequently studied outcome in studies researching AKI in burn patients, 19, 20, 28 though our study is the first to report on mortality rates 1 year after hospitalization. Burn patients with AKI experienced a 1-year mortality rate of 36.10% for all burn patients and 63.07% for burns >20% TBSA, compared with 3.16% and 20.00% for those without AKI. This is not too dissimilar to what has been observed in other populations that develop AKI, such as a 1-year mortality rate of 50.4% in general ICU patients 29 and 23.7% after major cardiac surgery with ICU admission. 30 It is without question, therefore, that the development of AKI has a grave effect on the prognosis of critically ill patients. Our data suggest that when the inciting injury is a burn, the stakes are likely even higherhighlighting the dire need for improved monitoring and prevention of AKI in this population.
Cardiopulmonary Function
Among all burn patients, AKI was associated with a 10-fold increase in the rates of pulmonary failure, mechanical ventilation, and pneumonia. Among >20% TBSA burn patients (a population that already has a high rate of pulmonary complications), AKI was associated with more than double the rates of these pulmonary complications. These findings are consistent with current research on AKI and its detrimental effects on lung function. 31, 32 This association is particularly important because it has been shown that concomitant respiratory failure and AKI leads to skyrocketing mortality rates. 33 Interestingly, these pulmonary complications have also been linked to excessive fluid administration during resuscitation. 13 One possible repercussion of this association is that an overconservative administration of fluid (with the intent of avoiding pulmonary edema and failure) may lead to AKI and then to the same pulmonary complications when the kidneys are unable to perform their function. It is clear that burn patients are at risk for serious pulmonary sequelae after both under and over-resuscitation. A more precise and standardized system to provide appropriate fluid requirements would help alleviate these morbidities.
Our data demonstrate an association between AKI and MI in all burn patients, and also in those with >20% TBSA burns. A causal effect of burn injury on MI is well-documented 34 as is a causal effect Results are given as mean þ standard deviation or percent, as appropriate. Burn severity reflects the highest degree of burn attained in each individual.
of MI on development of AKI. 35 A logical explanation for the increased rate of MI in the AKI groups in our study is that these patients developed an MI as a consequence of their burn injury, which further decreased renal perfusion and increased their risk for AKI.
Hospital Costs, LOS, Discharge, and Readmission
Acute kidney injury was associated with an increase in both unadjusted and multivariate-adjusted mean hospital costs and LOS in all burn patients and those with >20% TBSA. AKI has previously been associated with an increase in hospital costs and LOS in the recovery of a variety of conditions and surgical operations. 36, 37 Ours are the first data that attempt to characterize the increased cost of AKI, specifically in the burn population, and we found these differences to be quite large. The OR that a burn patient's cost of care would be in the highest quartile was 1.898 in AKI versus non-AKI patients. The unadjusted difference translated to an average increase of $85,660 in all burn patients and $93,022 in >20% TBSA patients. These increases in costs are enormous when compared with a study finding an average increase of $10,680 in all-hospitalized patients who develop AKI, 36 and another that found a $14,000 average increase in general postsurgery patients. 37 LOS was likewise increased compared with other studied populations. Our average increase of 23.0 days in AKI versus non-AKI burn patients was larger than the 3.5 days found among all hospitalized patients 38 and the 3.5 days found in general ICU patients. 39 Therefore, whereas cost and LOS are increased when any patient develops AKI, the difference is even greater when that patient is a burn victim.
In addition to LOS and cost, discharge home is one mark of a good outcome for many conditions. Discharge disposition has been shown to have a major impact on the risk of death after hospitalization for traumatic injuries including burns. 40 Our data are the first to examine the rates of discharge home for a large number of burn patients with and without AKI. Importantly, the odds of a burn patient with AKI going home after hospitalization are one-third that of a non-AKI patient.
Hospital readmissions are a major contributor to healthcare costs and a marker of quality of care. Studies have only recently begun to examine the effect that AKI has on rates of readmission. Among all burn patients, we found a 30-day readmission rate of 29.93% with AKI versus 11.51% without AKI. This is somewhat similar to a study of ICU patients, which found a 20.0% versus 12.3% difference between AKI and non-AKI patients, 41 but a much greater difference than that observed in a study of general hospital patients, which reported a 15% versus 11% difference. 42 The non-AKI readmission rate is similar among our study and the others mentioned. However, our higher observed readmission rate for burn patients with AKI suggests that the development of AKI after burn injury and the numerous associated complications associated differs from other conditions requiring critical care or hospital admission.
CKD and Dialysis
Among all burn patients, AKI was associated with a significantly increased rate of severe CKD and conversion to chronic dialysis in the year after burn injury. These associations held strong even after controlling for a multitude of other patient factors. These findings are consistent with recent studies in other select patient populations touting a relationship between AKI and CKD, 43, 44 or End Stage Renal Disease (ESRD) 45 or both. 46 These other studies examined AKI in the older population, in nonsurgical patients, or after unspecified surgical procedures. Because the pathophysiology of AKI in burn injury is different than that of other surgical or nonsurgical conditions, 3 our data provide evidence of the relationship between AKI and subsequent kidney dysfunction that can be better generalized to the population of burn patients.
There is currently only 1 other study on the relationship between AKI and subsequent dialysis treatment in the burn population. 47 This recent study found an odds of dialysis of 2.40 in burn patients who developed AKI compared with the general Finnish population. Our study expands on these findings by directly comparing dialysis conversion in burn patients with and without AKI (4.58% vs 0.33%), rather than the general population, and thus serving as a better control. Our data create an opportunity to better generalize burn patients' risk of conversion to chronic dialysis if they were to develop AKI.
We discovered a study that questioned whether we can conclude that AKI causes CKD, citing that the risk factors are the same and the relationship may not be causal. 48 However, our multivariate analysis provides evidence that AKI is associated with CKD and dialysis-requiring ESRD development even after controlling for the risk factors proposed in that study.
Incidence of AKI
We recorded the incidence of AKI in our patient population to compare it with previous studies as an external measure of validity for our data. The majority of previous studies report incidence rates of AKI for >20% TBSA burn patients. The rate of our data of 20.73% is consistent with the consensus of 10% to 30% that has been reported previously. 3, 18 Other studies have found somewhat higher incidence rates (ranging from 24.4% to 26.6%). 19, 49 However, these studies differed from ours in that they were prospective studies that diagnosed AKI using direct measurement of serum creatinine levels, allowing them a more sensitive probe than the ICD-9 billing codes in our retrospective database study. Additionally, these studies worked with a much smaller sample size (126-304 burn patients) than the 18,155 patients we were able to capture. We found only 1 study that reported an AKI incidence that differed greatly from ours (53.3%) in a sample of 60 patients. 28 Interestingly, our data revealed that African Americans were more likely, and Hispanics were less likely, to develop AKI. The difference in incidence of AKI by race indicates an important population-level health disparity. Given the impact of AKI on both short and long-term outcomes, this difference in incidence suggests an important population-level health disparity that warrants further study.
Limitations and Moving Forward
Although our population-based analysis of all recorded burn patients treated in 2 states over a 4-year period has many strengths, as a retrospective database review, our data cannot be used to draw conclusions about cause and effect between AKI and the studied outcomes. This would be better addressed with a prospective study designed to better capture AKI through serum creatinine (sCr) and urine output data. It is certainly possible that confounders, including the development of sepsis, could explain some of the adverse outcomes associated with AKI. Additionally, our methodology for probing patient outcomes (using ICD-9 codes) limited the sensitivity for detecting AKI. It is possible that patients who experienced minor renal impairment during their recovery were not assigned a code for AKI and were thus missed. Other studies on AKI utilized directly measured sCr to define AKI according to The Acute Kidney Injury Network or RIFLE criteria, which allowed inclusion of patients with even minor increases in sCr. Similarly, we were unable to assess urine output and capture periods of oliguria. Thus, our incidence of AKI may likely underestimate the true incidence of AKI, as many cases of mild AKI may have gone unrecorded.
Our risk-adjustment methods relied on using widely used comorbidity indexes. Some authors have raised the concern that they do not fully capture the extent of comorbid disease burden in burn patients. 50 Additional variables, including laboratory values, vitals, and more complete data on prior health encounters, would improve the estimation of baseline comorbidity; however, they are not available in HCUP.
Another limitation arose during analysis of 1-year outcomes. To detect outcomes, patients must have been admitted to a hospital for their visit to be recorded in the SIDs. Patients who may have developed a complication and were never admitted were missed by our analysis. The likely consequence is an underestimation of the true morbidity and mortality experienced with AKI after initial hospitalization for burn injury, although it is worth mentioning that the database captures readmissions to any hospital (not just the hospital where patients received their initial burn care). Similarly, we included only CKD stages 3 to 5 in our analysis because we did not detect more than a handful of stage 1 to 2 CKD patients. These patients are likely under-reported due to a lower incidence of hospitalization related to mild CKD. However, relevant studies on AKI and subsequent CKD development include only stages 3 to 5, 43, 44 so our ability to compare our results was not hampered. This is the first study of AKI in burn patients to include such a large population. Moving forward, a study of this size utilizing sCr levels would allow more detailed insight into how AKI severity affects outcomes. Specifically, this would allow us to stratify patients by their degree of AKI to draw more precise conclusions about when Patient population for 1-year outcomes includes only those patients who survived initial hospitalization.
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As per HCUP guidelines, groups containing 10 patients or less cannot be reported. yTotal mortality rate includes those patients that died during initial hospitalization. to expect complications given a patient's renal status. Additionally, serial sCr levels would allow us to observe the timeframe of AKI in relation to subsequent complications. These data would increase comparability to other studies and increase the ability to generalize findings to patients in practice.
Finally, our findings are meant to emphasize the need for a better understanding of the mechanisms behind AKI development in burn patients. We know that inappropriate fluid resuscitation 8 and sepsis 6 are the leading causes of AKI during recovery after a burn injury. However, the burn community is still working on a true consensus as to the best way to resuscitate patients upon presentation with a burn. Likewise, although there is a current focus on research into early detection of sepsis, there is little research into the development of sepsis, specifically in burn patients who we know to have unique pathophysiology complicating the diagnosis. 17 We hope that our data, which highlight the profound morbidity and mortality that follows AKI during recovery after burn injury, will spur increased interest into standardizing more effective ways to determine proper fluid resuscitation volume and early detection and treatment of sepsis in burn patients.
